Hyperfine and Optical Barium Ion Qubits 

M. R. Dietrich]] N. Kurz, T. Noel, G. Shu, and B. B. Bhnov 

University of Washington Department of Physics, Seattle, Washington 98195 

State preparation, qubit rotation, and high fidehty readout are demonstrated for 
two separate ^'^'^Ba^ qubit types. First, an optical qubit on the narrow 6S1/2 to 5D5/2 
transition at 1.76 /um is implemented. Then, leveraging the techniques developed 
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I. INTRODUCTION 



c3 ■ A quantum computer, once implemented, is expected to have several applications with 

D^. significant scientific and social utility, due to its ability to execute specific algorithms with 



scaling laws quadratically or exponentially faster than any known classical algorithm that 
accomplishes the same task The fundamental unit of information in a quantum computer 
is the qubit, which is physically realized by any coherent quantum two- level system. At 
present, the best developed qubit technology is provided by the hyperfine or optical levels 
of an elemental ion suspended in a radio frequency (RF) Paul trap [5] . That fact is in no 
small part thanks to decades of development of techniques in atomic physics to manipulate 
these profoundly quantum systems. 



Despite a long history in ion trapping 



-|5|, barium has never previously been demon- 



strated as an ionic qubit. Ba"*" has several desirable characteristics for an ionic qubit. The 
odd isotope ^'^^Ba'*' is relatively abundant at 11%, which is sufficiently high that it can be 
trapped from a natural source without isotope selective ionization ^i^^. Barium possesses 
a long lived metastable state 5^D5/2 (see figured]), whose lifetime (35 s) is an order of mag- 
nitude greater than that of any other singly ionized alkali earth atom [8|. It is important for 
this state to be long lived, since that decay rate restricts the qubit readout fidelity and sets 
a physical upper limit to optical qubit coherence times. Furthermore, the laser wavelengths 
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FIG. 1: A representation of the energy levels in ^^''Ba^, and the transitions accessed by various 
lasers. The ion is cooled on the 493 nm transition with 8.037 GHz sidebands and repumped with 
a 650 nm laser diode. Shelving to the D5/2 state is accomplished through coherent excitation with 
the 1.76 fim laser. Hyperfine structure of the D states is not shown. 

for the 6S1/2 to 5D5/2 infrared "shelving" transition as well as barium's visible wavelength 
cooling transition are the longest of any ionic qubit candidate, which makes it favorable for 
remote photonic coupling through optical fiber. This property is essential for long distance 
entanglement between ionic qubits [ol, IlD], since the post selection entanglement process is 
mediated by emitted photons Finally, barium atomic structure is well understood, since 
it has been studied extensively both theoreticall y | l2l . Il3| and experimentally for possible ap- 
plications as an optical frequency standard jl4. Iisl and for a test of parity non-conservation 
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Here we report the trapping, state preparation, state rotation, and readout of two different 
^^^Ba"*" ionic qubits, one based on the narrow infrared optical transition at 1.76 /im and the 
other based on the ground state hyperfine splitting. In the former case, sufficient coherence 
is observed on the quadrupole transition in a Doppler-cooled ion to drive about 10 Rabi 
rotations. Since the excited D5/2 state is disjoint from the laser cooling cycle, readout is 
effected by simply enabling the cooling lasers and looking for fluorescence. In the latter case, 
qubit rotations are driven by a resonant microwave radiation pulse near 8 GHz and readout 
is achieved directly with Rabi oscillation on the 1.76 /^m transition to selectively shelve the 
ion into the metastable state. 
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II. EXPERIMENTAL SETUP 

The energy level diagram for ^^^Ba"*" can be found in figure [H The ion is Doppler cooled 
on the Dl line at 493 nm using a frequency-doubled 986 nm external cavity diode laser 
(ECDL). Since this state decays into the D3/2 state about 25% of the time, the ion must 
then be repumped out using a second ECDL at 650 nm. ^^^Ba^ has a nuclear spin of 1=3/2; 
in order to optically address all hyperfine levels in the S and D states, the 493 nm laser beam 
is modulated with an electro-optic modulator (EOM) at 8.037 GHz, while the 650 nm laser is 
directly current modulated at 614, 539 and 394 MHz using a bias-T. The 493 nm laser carrier 
is set to the F = 1 — ?■ F' = 2 transition while the sideband drives F = 2 — F' = 2, where 
the prime indicates the P1/2 manifold. This configuration avoids the weak F = 1 F' = 1 
transition and allows us to optically pump into the F = 2, mp = state using tt polarized 
light. For optimal cooling, the 493 nm laser is set to an elliptical polarization. 

The 986 nm laser is frequency stabilized using an Invar-spaced optical cavity with a free 
spectral range of 1.2 GHz and finesse of about 150, which is in a sealed, temperature con- 
trolled cylinder. A frequency shift is provided by a double-passed acousto-optic modulator 
(AOM), whose feed RF is frequency modulated. We then detect the transmitted laser power 
and use a lock-in amplifier to extract an error signal, which is fed back to the laser. The 650 
nm laser is monitored by a commercial wavelengthmeter (Highfinesse WS7) and stabilized 
via feedback from the computer attached to the wavelengthmeter |l^. 

The trap is loaded using isotope-selective two-step photoionization with a 791 nm ECDL 
and a N2 laser This allows us to easily switch between ^^'^Ba''" and the more common 
^^^Ba"*" isotope for use in various experiments. Improved reliability and trapping lifetimes 
have been observed using this technique when compared to trapping ^^^Ba"^ without selective 
photoionization. It is not uncommon to hold an ion now for several days, where previously 
the lifetime in our trap for ^^''Ba^ was measured in hours. Our Paul trap is a linear design 
with 670 volts applied to needle endcaps, similar to the one described in ref jisl, driven 
with 5 watts of RF at 12.39 MHz. The trap has an axial secular frequency of about 600 
kHz and radial frequencies 1.43 and 2.58 MHz. A DC magnetic field of 8.9 G created by 
two current carrying coils is made parallel with the cooling laser and perpendicular to the 
optical pumping beam. This field is necessary to break degeneracies and prevent the cooling 
laser from pumping the ion into a dark state formed by a superposition of Zeeman levels. 



4 



3000 



2500 



2000 



1500 



1000 



500 



Ion Shelved 
Ion Unshelved 




10 15 20 25 30 35 
Number of Photons 



40 



FIG. 2: A histogram of ion brightness for two cases; where the ion has been dehberately shelved 
by disabhng the red laser (dark) and where it has not (light). Each case has 5000 data points, and 
represents a cooling laser exposure time of 10 ms. The inset shows a zoom in of the overlap region 
at 6 and 7 photon counts. In this region, there are 13 offending events out of a total of 10000 runs, 
corresponding to a detection fidelity of 99. 



The ion can be optically pumped into the F = 2, mp = state by relying on the forbidden 
F = 2,171^ = ^ F' = 2,mF = transition. Thus, by setting the optical pumping beam to 
have a linear polarization aligned with the magnetic field, corresponding to tt polarization, 
the ion is observed to optically pump into the F = 2,'mp = state after less than 100 /is of 
exposure time with 93±1% fidelity. Further optimization of the pump laser polarization is 
needed to achieve better pumping. 

While the ion is excited into the D5/2 state, it is removed from the cooling cycle and will 
appear dark when the ion is exposed to the cooling lasers which normally cause fluorescence 
|20|. This bright/dark signal is the basis of our qubit readout. Due to the long shelved 
state lifetime, it is expected that we can obtain extremely high detection fidelities, using 



for example adapative techniques 2l|. We excite the ion directly into the dark state using 
a 1.76 fim fiber laser frequency referenced to a temperature controlled Zerodur"*"^ cavity 
located in a chamber evacuated to 10^'' Torr. The cavity has a free spectral range of 500 
MHz and a finesse of 1000. With a typical ion brightness of about 2100 photon counts per 
second, we obtain better than 99% bright/dark detection fidelity in 10 ms, see figure O 
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FIG. 3: The optical setup for the 1.76 nm laser. The laser power is split between laser stabi- 
lization and ion state manipulation. The laser is servo locked to a Zerodur spaced cavity using a 
Pound-Drever-Hall technique, where frequency modulation is introduced by a double-passed AOM 
(DPAOM), whose drive frequency is modulated by an I/Q modulator. The laser light intended for 
the ion is switched and frequency shifted by a separate AOM. 

The optical setup for the 1.76 /iin laser can be found in figure [3l Half of the total beam 
power is diverted to the laser stabilization setup, while the other half is used to drive the ion. 
The beam used for laser stabilization is double-passed through an AOM which is used both 
to shift the laser frequency with respect to the cavity resonance and to introduce frequency 
modulation needed for the Pound-Drever-Hall (PDH) lock 22|, |23| . The beam intended to 
drive the ion is focused into an identical AOM, and then two lenses effectively image this 
focus onto the ion location. This configuration allows us to adjust the AOM frequency 
without the beam shifting off the ion's location. 

To generate the PDH error signal, RF is created by a synthesizer and mixed with a 
1 MHz sine wave and a DC voltage in an I/Q modulator. This allows high bandwidth 
frequency modulation on the output of a synthesized RF signal This modulation is then 
mapped onto the 1.76 /im laser by application of the double-passed AOM. With frequency 
modulation, it is then possible to observe a PDH error signal from the retroreflected beam 
of the Zerodur cavity without resorting to an EOM. 



III. RESULTS 



In a field stronger than about 1 G, the 500 kHz splitting of the 1^5/2 F=3, F=4 hyperfine 



levels 



24l | is overcome so that they become an effective J=4 manifold [25|. In our exper- 
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FIG. 4: Coherent excitation of the 1.76 /im transition. The probabihty of detecting the ion in 
the dark state is plotted against the time for which the laser is exposed to the ion. Readout is 
accomphshed in about 20 ms by activating the cooling lasers. The Rabi frequency is observed to 
be about 50 kHz with a decay time of 120/xs. These parameters were determined by a least squares 
fit to a sine wave with Gaussian decay envelope, which is shown by the solid line. 

iments, it is into the J = 4:,mj = —2 level (formed from an mp = —1 and an mp = —3 
level) that the 1.76 /xm laser drives the ion from the F = 2,mF = ground state. These two 
states constitute the levels of our optical qubit. Coherent optical nutation on this transition 
can be seen in figure HI The measured Rabi frequency is about 50 kHz using 4.3 mW of laser 
power focused to an intensity of roughly 60 W/cm^, and a coherence time of about 120 fis 
is observed. In order to obtain this curve, the ion was first optically pumped, then exposed 
to 1.76 fim light for a fixed period of time, and finally the cooling lasers were enabled and 
fiuorescence detected. In order to suppress dephasing due to magnetic field fiuctuations, the 
infrared laser exposure was triggered on the rising slope of the 60 Hz AC power line voltage. 
Although the coherence time is roughly consistent with the laser linewidth, expected to be 
about 10 kHz, changes in the coherence time have been observed by adjusting the ion tem- 
perature through manipulation of the cooling laser frequency. This suggests that increased 
coherence might be observed with improved ion cooling. 

Once a robust readout mechanism is developed, it is possible to use the hyperfine structure 
of ^^^Ba^ as a qubit. By exposing the ion to a tt pulse of 1.76 fim light, we can selectively 
excite the ion from the 10) qubit state into the shelved state. An alternative method would be 

n 

to use adiabatic passage, which offers more robust population transfer [20]. This technique 
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FIG. 5: The qubit state after a 8 GHz resonant pulse. The maximum probabiUty of a dark ion is 
hmited by optical pumping and the shelving efficiency, while the minimum is limited by coherence 
of the hyperfine qubit. At longer exposure times, the maximum shelving probability is seen to 
decrease due to magnetic noise of the 1.76 /xm transition, while the minimum probability remains 
0%. The Rabi frequency is 15 kHz, again obtained through a fit, which is shown as a solid line. 

has also been developed, but is not implemented here. Using the magnetically insensitive 
mp = levels of the two ground state hyperfine levels as our qubit states, coherence times 



of several seconds can be achieved 



]. Qubit rotations were obtained by directl y ex p osing 



after 



the ion to 10 W of resonant microwave radiation at approximately 8 GHz [27, 
being optically pumped. Then, the 1.76 fim laser is applied to shelve the ion if it is in 
the higher energy F = 2,mF = state, but not in any other hyperfine level, then finally 
the cooling lasers are activated and fluorescence detected. As can be seen in figure [5], this 
procedure results in Rabi flops with a frequency of 15 kHz. Although the entire sequence 
was line-triggered , the increasing length of the microwave pulse caused the 1.76 /im laser 
pulse to occur at a later time in the sequence. This resulted in the laser frequency slipping 
off resonance somewhat, since the pulse began at a different AC phase. This accounts for 
the diminishing readout efficiency at longer microwave exposure times. Decoherence in the 
hyperfine qubit itself would appear as an increasing minimum probability, which is not 
resolved within 800 /us. 
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IV. CONCLUSION 

Herein we have demonstrated two implementations of ionic qubits using ^^''Ba^, first an 
optical qubit, and then a hyperfine qubit that takes advantage of the techniques developed 
for the optical qubit for readout. Because of the long wavelengths involved, it is expected 
that this advance will facilitate future developments in ion-photon and long distance ion-ion 
entanglement, which in turn is vital for quantum information processing, loop-hole free Bell 
inequality tests [9^, and quantum repeaters for cryptographic applications 29 1. 
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